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Effects of indoleacetic acid and some of its reported
precursors (indolepyruvic acid, indoleacetaldehyde, and
tryptamine) on growth of bean hypocotyl and wheat coleorhiza-
epiblast were studied. The influence of these test compounds
on protein synthesis and free amino acid content of the target
tissues was examined. Data derived from these studies were
used to deduce the most probable pathway of indoleacetic acid
biosynthesis operative in the systems specified, i.e., whether
indoleacetic acid biosynthesis proceeds from tryptophan —»
indolepyruvic acid > indoleacetaldehyde > indoleacetic
acid, or from tryptophan —> tryptamine —» indoleacetalde¬
hyde —> indoleacetic acid. It was assumed that actual
precursors of indoleacetic acid would have an effect similar to
that of indoleacetic acid.
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The concept of hormones was adopted and derived from
animal studies. According to Went and Thimann (1937), a
hormone is a substance which, produced in any one part of
an organism, is transferred to another part and there
influences a specific physiological process. Hormones,
produced in the organism, serve as chemical messengers as
they are transported from a site of formation to a site of
action. Some compounds may act as substances for physiolo¬
gical processes in general. However, hormones influence a
specific physiological process, and only small amounts pro¬
duce large effects. The word "hormone” was further limited
by the addition of prefix "phyto" to just include hormones
produced specifically in plants. Thimann (1948) defined
a phytohormone as "an organic substance produced naturally
«
in higher plants, controlling growth or other physiological
function at a site remote from its place of production, and
active in minute amounts."
A growth hormone is a phytohormone essential to growth
by cellular enlargement (Leopold, 1955). This enlargement
encompasses both length and width, and is essential to the
growth of buds, roots, stems, fruit, and other plant organs.
Kogl and Haagen-Smit, according to Leopold (1955), originally
suggested the term auxin to refer to substances capable of
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promoting growth in the manner of a growth hormone. As
indoleacetic acid (lAA) came to be regarded as an example,
even a prototype, of a special class of substances known as
auxins, it was already regarded by botanists as a growth
hormone. Since growth hormones serve as chemical messengers,
as they are transported from a site of formation to a site
of action, then they may have some involvement in protein
synthesis,
There are many facets of protein synthesis understood
by biologists. For instance, the DNA double helix partially
unwinds, permitting the formation of a strand of mRNA com¬
plementary to one of the two strands of DNA. Transcription
of the genetic code of DNA into mRNA is mediated by RNA
polymerase. After mRNA is formed it passes out of the nucleus
into the cytoplasm where it acts as an attachment site,
binding temporarily to the 30s subunit of a ribosome.
Independent of mRNA formation, amino acids are selected
from an intracellular amino acid pool for activation. A
reaction of this nature involves an interaction of an amino
acid with adenosine triphosphate, which is catalyzed by a
specific amino acyl—tRNA synthetase for each of the twenty
protein amino acids. The product formed by the union above
is an amino acid adenylate containing necessary energy for
the next step, the attachment of the amino acid to a specific
tRNA molecule. The complex remains bound to the enzyme until
transferred to the tRNA which is catalyzed by the same
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aminoacyl-tRNA synthetase enzyme.
The destiny of the amino acid is fixed once it is
attached to the tRNA. The amino acid is carried to the mRNA
which is attached to a ribosome where translation, the pro¬
duction of a polypeptide chain, occurs. The polypeptide is
a protein made by the union of smaller molecules called
amino acids. The protein composition and size depends upon
the sequence of its amino acid subunits.
Twenty (20) different protein amino acids are commonly
known to be present, but a protein may have more or less
than this number. In addition to the twenty known protein
amino acids, over 150 other amino acids are known to occur in
different cells and tissues in either free or combined form,
but never in proteins. These non-proteins amino acids are
primarily a-derivatives, but 3-, Y-. and 6-amino acids are
also known, as well as some in the D-configuration, such as
D-glutamic acid found in the cell walls of bacteria (Lehninger,
1970). Some of the non-protein amino acids (e.g., canavanine,
homoserine) accumulate to high concentrations in seeds and
vegetative storage organs, and probably represent utilizable
stores of organic nitrogen (Street and Cockburn, 1972).
However, in many instances their role in metabolism is uncer¬
tain.
It has been known for some time that by altering the
medium of a cell, the polypeptide chain formed can be changed,
thereby changing the general shape, size and response of an
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organism. The underlying idea is that metabolic systems of
plant tissues are altered by auxin (lAA) and its precursors.
Alterations, such as increase of oxidative metabolism, cell
wall change and qualitative and quantitative changes in
nitrogenous substances, like free amino acids and proteins,
are some effects of auxin action.
The mechanism(s) by which plant growth regulators con¬
trol morphology and development continues to be a point of
intense interest. The effects of lAA on plant growth and
development are of intense interest, specifically as it
affects changes in cell size and cell proliferation. lAA's
influences on growth and differentiation would seem to in¬
volve qualitative and/or quantitative modulations of amino
acids, proteins, and hormones (Steward et al. , 1965;
Galston, 1969).
Changes in protein patterns between the meristematic
and mature cells of the root in pea seedlings have been ob¬
served. Different protein patterns were found to be charac¬
teristic of different stages of development within the same
organ (Steward et al., 1965). These observations demonstrate
qualitative and quantitative protein changes and are indica¬
tors of changes in metabolic control and differentiation.
In addition to the above effects of lAA, the addition of
small quantities of lAA has been shown to enhance growth in
direct proportion to the amounts added. This enhancement
proceeds until an optimum concentration is reached, and
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further additions inhibit growth. lAA and other auxins can
influence dominance by apical buds, leaf and fruit abscis¬
sion, differentiation of conducting tissues, and in high con¬
centrations cause callus tissue to give rise to organized
roots (Galston, 1956). lAA induces expansion along with pro¬
liferation of cells, resulting in the formation of adventitious
roots, calluses and tumors. Tumors produced by lAA which
appear as a gelatinous mass are typical of such cell enlarge¬
ments (Haber, 1962). At 10“^ to 10“% concentrations lAA
greatly stimulates growth of the coleorhiza and epiblast while
inhibiting growth of the seminal roots in wheat seedlings.
We postulated that when investigators such as Foard and
Haber (1961) and Haber (1962) studied growth and differentia¬
tion without significant DNA synthesis, mitosis, and cell
division, that they altered the medium of the cells. By
using concentrations of 10“^ to 10“%, lAA altered the medium
of the cells, and the polypeptide chains. lAA stimulated
growth of the coleorhiza and epiblast while inhibiting
growth of the seminal roots. lAA induced proliferation of
cells, resulting in the formation of adventitious roots,
calluses and tumors. And, thus, there was a change in general
shape, size and response of the organism.
In summary, the biosynthesis of lAA is not well under¬
stood. Strong evidence exists in favor of two major
pathways (Schneider and Wightman, 1974). In the first,
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indolepyruvic acid (IPyA) and indoleacetaldehyde (lAAld)
are the primary intermediates from tryptophan (TPP) to
lAA. In the second, tryptamine (TAM) and lAAld are the
intermediates from TPP to lAA.
The primary aim of this investigation was to provide
some indirect evidence relative to the pathway(s) of lAA
biosynthesis operative in wheat (Triticum vulgaris var.
Lemhi) and the Romano bean (Phaseolus vulgaris) by analyzing
the biological activity (the effectiveness) of the suspected
lAA precursors (IPyA, TAM, and lAAld) in inducing tumor
formation in each in a manner similar to lAA. The assump¬
tion is that if the suspected intermediate causes tumor
formation it does so by virtue of its enzymatic conversion
to lAA. Another objective of this study was to obtain
additional evidence for altered protein metabolism accompanying
lAA induced cell enlargement. An observation of altered free
amino acid-proflies would be suggestive of alteration of
protein metabolism. Presumably similarities in the action
of compounds in inducing cell enlargement would be reflected
by similarities in the alteration of the free amino acid
profile as revealed by paper chromatography.
CHAPTER II
REVIEW OF LITERATURE
Discovery and Nature of lAA
The regulation of plant growth and development has been
a prime concern of numerous plant investigators. Wachs,
according to Leopold (1955), was one of the first to attempt
an explanation of plant growth regulation. He postulated
the existence of various organ forming substances moving in
various polar patterns which determine plant form and
development. Actual evidence supporting the existence of
such phytohormones was provided by Fitting (Leopold, 1955)
when he demonstrated that orchid pollen extracts caused
swelling of plant ovaries in a manner suggestive of fruit
set. Later, according to Leopold (1955), Paal deduced that
substances~iJrcrduTced in grass coleoptile tips were responsi¬
ble for the phototropic response of grasses and Soding
established that these same substances were capable of
promoting straight growth as well. Demonstration of a
correlation carrier in oat tips by Went (Went and Thimann,
1937) attracted many new workers to the field. Those listed
by Leopold (1955) include Went and Cholodony who independent
ly extended the correlation carrier theory to explain
phototropism and geotropism, respectively. Both of these
investigators concluded that all tropisms are mediated by
a growth hormone system which is essential to all plant
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growth. Indeed Went (see Leopold, 1955) advanced the maxim
"Ohne Wuchsstoff, Kein Wachstum" (without auxin, no growth).
The later discovery of other plant growth hormones such as cyto-
kinins, gibberellins, etc., makes the validity of this
statement less certain.
Further exploration of the role of auxins in growth
by Went and Thimann (1937) opened the field of growth hor¬
mones to really systematic study. Went and Thimann
discovered that auxins could be collected in an agar block
by diffusion. This was the first reported separation of
the hormone from a plant, and it presented a technique for
obtaining the hormone from a great variety of plant materials.
Using the oat coleoptile, he developed a test (Avena Curvature
Test) so accurate and reproducible that it is still considered
as the best auxin assay technique.
In an eight year period, from 1928 to 1936, three
supposed auxins were isolated, characterized and identified,
and the quantitative relationships of auxins to tropisms of
roots and shoots were established. At the end of this
period, half of the major functions of auxins in growth and
development as presently known had been discovered. In a
series of remarkable inquiries, Kogl (1933) found two
materials, strongly active in the Avena Curvature Test.
which he named auxin a and b. Auxin a was first isolated
from human urine and auxin b from corn germ oil. These
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compounds are principally of historic interest for the
following reasons. First, they have never been positively
isolated from growing plant tissue. Second, although their
molecular weights are similar to that of the diffusible
auxin obtained from oat coleoptiles and some other plant
materials (Went, as stated by Leopold, 1955), tests for
stability show that both auxin a and b diffused from
coleoptiles are stable in warm acid and break down in warm
alkali. Third, synthetic analogues of these acids have
failed to show auxin activity in conventional growth tests
(Kogl and Bruin, as stated by Leopold, 1955). Consequently,
it seems reasonable to discard these early substances from
the list of known auxins. According to Leopold (1955),
reexamination of urine by Kogl's group identified another
auxin compound. Some of the urine samples they worked with
exhibited considerably greater auxin activity than could be
accounted for as the supposed auxins a and b. Upon isolating
this compound, they found it to be identical with lAA. The
presence of this auxin was further demonstrated in Rhizopus
cultures by Thimann (1935), and he showed that it can be
differentiated from auxin a and b by its instability in warm
alkali. According to Haagen-Smit et al. (1946), lAA was
first isolated from higher plant by alkaline hydrolysis of
corn meal and dormant corn kernels by him and associates.
With the advent of Went's Avena test, it was quickly
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found that lAA may have either proraotive or inhibitory
effects on growth, depending on the concentration or organ
under study. The inhibitory capacity of lAA was demonstrated
by Thimann and Skoog (1933) in explaining apical dominance.
They demonstrated that lAA formed at a shoot apex inhibits
the growth of auxiliary buds. The best studied growth promo¬
tive effect ascribed to lAA is cell enlargement. However,
lAA also stimulates formation of adventitious roots, calluses,
and tumors which most probably involve cell expansion along
with cell proliferation (Braun and Stonier, 1958; Kraus et al.,
1936; Leopold, 1955; Went and Thimann, 1937). Haber (1962) stud¬
ied the effect of lAA on mitotic activity in the absence of
cell enlargement in heat dormant lettuce seeds. He showed that
lAA concentrations near 10“5m or lower increased mitotic acti¬
vity, compared to water controls. Haber also studied the ef¬
fects of lAA on cell enlargement in the absence of mitotic
activity in gamma irradiated wheat seed and found lAA treatment
greatly stimulated growth of the coleorhiza and epiblast while
inhibiting growth of seminal roots. He further concluded as did
other investigators that as lower concentrations of lAA pro¬
mote growth, higher concentrations inhibit it. Appreciation
of this phenomenon has helped to increase . our understanding
of many puzzling correlative effects.
Amino acids are a form in which soluble nitrogen may be
stored and eventually mobilized when protein synthesis is
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initiated. Pree amino acids are widespread in plants and
are known to exist dissolved in the cell sap (Steward and
Street, 1947). Auxins have a direct effect on amino acids
and protein. Auxin induced growth is often accompanied by a
large decrease in the free amino acid fraction, amounting to
virtually complete disappearance and principally due to rapid
conversion of free amino acids to protein and to asparagine
(Christiansen and Thimann, 1950).
Biosynthesis of lAA
Metabolic studies on naturally occurring auxins have been
concentrated almost exclusively on lAA, because most evidence
suggests that it is the principal auxin found in higher
plants. The biosynthesis of lAA is not fully understood,
but studies suggest that it is synthesized from TPP. Tusi
(1948) demonstrated that zinc-deficient tomato plants, the
stems of which do not elongate, can be induced to elongate
normally by the addition of either an auxin or TPP. This
suggests that TPP is lacking in these zinc-deficient toma¬
toes, and growth is checked because of the absence of this
precursor of lAA. The conversion of TPP to lAA can be
effected with enzyme preparations from various tissue such
as spinach leaves, tips of the Avena coleoptile, and tumor
cultures (Wildman et al., 1947; Kaper and Veldstra, 1958).
Moore and Shaner (1967) presented evidence that TPP
is converted to lAA in cell-free extracts of garden pea
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(Pisum sativum L.) seedling shoot tips.
Several alternative routes of lAA biosynthesis from TPP
have been suggested, but the focus has centered on the two
major pathways shown in Fig 1. Thimann (1935) was the first
to propose a role for IPyA in the biosynthesis of lAA. It
was not until Wildman et al. (1947) studied the pathway
from TPP to lAA in spinach leaf extracts that indirect experi¬
mental evidence for the view was actually obtained. They
showed that lyophilized, cell-free spinach leaf extracts,
rapidly converted TPP to lAA in the presence of oxygen and
that an intermediate compound containing a carbonyl group
is formed during this conversion. Gordon and Nieva (1949)
also obtained evidence for the occurrence of IPyA as an in¬
termediate of lAA formation from TPP. They found that leaf
discs or crude enzyme preparations from pineapple leaves were
quite active in producing lAA when the leaf discs were in¬
cubated with TPP, IPyA, or TAM. Stowe and Thimann (1954),
using dry kennels of Zea mays var. Country Gentleman, ob¬
tained extracts and gave evidence for the natural occurrence
of IPyA with chromatograms developed in isopropanol-ammonia-
water. Four Salkowski—positive spots were obtained, of
which two of the four were identified as lAA and IPyA.
However, their evidence seemed unconvincing since it was
found by Bently et al. (1959) that synthetic IPyA did not
behave as a single substance under the above described
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Fig. 1 Possible mechanisms of formation of lAA




chromatographic conditions. Dannenburg and Liverman (1957)
using TPP-2-C^‘^ and watermelon tissue slices obtained
chromatographic evidence that IPyA is an intermediate in
the formation of lAA and TPP. In support of the observa¬
tions and conclusions of Bently et al. (1959), Kaper and
Veldstra (1958) have shown that under ammoniacal chromatogra¬
phic conditions, IPyA is decomposed to a number of Salkowski-
and Ehrlich-positive spots. They studied the stability of
IPyA under a variety of conditions, thus enabling them to
show conclusively that IPyA was an intermediate in the meta¬
bolism of TPP by Agrobacterium tumefaciens. This was done
by demonstrating that IPyA gives a characteristic pattern
of breakdown compounds and its presence can be recognized
by this pattern although no intact IPyA remains. Evidence
for the formation of IPyA as an intermediate in the conver¬
sion of TPP to lAA in Pisum has been reported by Libbert et
al. (1965), and Moore and Shaner (1967). Wightman and Cohen
(1968) presented detailed evidence for the conversion of TPP
to lAA via IPyA in cell-free extracts of mung bean
(Phaseolus aureus, Roxb.) seedlings.
An alternative route proposed for lAA synthesis from
TPP consists of: (1) decarboxylation of TPP forming TAM,
(2) deamination of TAM to form lAAld, and (3) finally oxi¬
dation of lAAld to form lAA (Wildman, et al., 1947).
Skoog (1937) was the first to observe, after a lag period.
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that TAM was active in the Avena Curvature Test. Also,
Gibson et al. (1972) using barley shoots have converted
14c_tpp to 14c_taM to ^^C-IAA. Evidence sup¬
porting TAM as an intermediate in lAA biosynthesis is less
abundant than that supporting IPyA.
Larsen (1951), investigating the mechanism involved in
lAA synthesis, indicated a neutral substance, possibly lAAld,
may be an intermediate in TPP conversion to lAA. This neu¬
tral substance, whose structure has not been confirmed by
actual isolation, is a normal constituent of many plant
tissues, including etiolated plants of pea, Vida, sun¬
flower, and Brassica. Larsen (1949) using Avena seedlings
preparations showed that added lAAld is oxidized to lAA at
a moderate rate. Gordon and Nieva (1949) found similar
evidence with green leaves of pineapple. When TPP was
added to enzyme preparations of pineapple leaves lAAld and
lAA acciimulated among the reaction products, indicating that
oxidation of lAAld to lAA may be the pathway to TPP conver¬
sion to lAA. Conclusive evidence for the occurrence of
lAAld as a native compound of vegetative tissues has been
obtained in pea and cucumber seedling (Schneider and
Wightman, 1974).
Regardless of the correct pathway, the auxin concentra¬
tion in plants is dependent on many factors. In the case of
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lAA, Phillips (1971) found that lAA concentrations in
plants are controlled by variations in (a) the rate of
lAA synthesis, (b) the rate of lAA destruction, and (c)
rates of lAA inactivation by means other than actual




The organisms used for observation and experimentation
were the runner bean, Phaseolus vulgaris var, Romano, and
wheat, Triticum vulgare, cv. Lemhi 70. Wheat seeds were ob¬
tained from Oak Ridge National Laboratory, Oak Ridge, Tennessee.
The bean seeds were obtained from Burpee Company, Sanford, Flo¬
rida. The test compounds, indoleacetic acid (lAA), indolepy-
ruvic acid (IPyA), tryptamine (TAM), and indoleacetaldehyde
(lAAld), were obtained from Sigma Chemical Company.
Methods of Procedure
Preparation of Test Solutions
Preparation of lAA was according to the method of
Haber (1962). The lAA was prepared by dissolving 1.0774 g
in the smallest amount of IN NaOH (less than 10 ml) and IN
HCl was used to bring the pH to 5.6 - 5.8. This solution
was then diluted to 500 ml with distilled water resulting
in a 1.23 x 10“2m, pH 5.6 - 5.8 stock solution of lAA. A
portion of the stock lAA (40.56 ml) was then diluted to 500
ml to obtain a 1 x 10“2m IAA solution. It was found that
IPyA goes readily into solution in IN NaOH. The desired
concentration (lx 10“2m) was obtained by dissolving
0.2032 g in IN NaOH, adjusting to pH 5.6 - 5.8 by titration
with IN HCl, and dilution to 1 liter with distilled water.
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It was found that 0.2632 g of lAAld had to be rigorously
shaken into solution with IN HCl (less than 10 ml),
diluted with distilled water to prevent salt formation and
adjusted to pH 5.6 - 5.8 by titration with IN NaOH. The
solution was then diluted to final volume of 1 liter to
obtain a 1 x 10~3m solution. TAM goes into solution in
distilled water with rigorous agitation. The desired con¬
centration of 1 X 10“2m was obtained by dissolving 0.1967 g
in distilled water, adjusting to pH 5.6 - 5.8 with IN HCl.
The solution was diluted to a final volume of 1 liter.
Streptomycin (100 yg/ml) was included in all test and
control solutions to prevent bacterial contamination.
Culture Conditions
Wheat and beans seeds were grown in 11-3/4"x 7-1/2”x
1-3/4” Pyrex baking dishes, and continuously illuminated
with 500 ft - c warm white light at 23 ± 2C. The wheat
seeds, 225 seeds per dish, were grown on teri towels moisten¬
ed with 200 ml of the desired solution lor a period of five
days. Afterwards, the coleorhiza and epiblast were removed
(100/vial), frozen with dry ice, lyophilized, and weighed.
The beans, 54 per dish, were sown between four layers
of teri towels for four days. The outer layers (top and
bottom) were sprinkled lightly with the fungicide, Ortho-
cide, for the prevention of fungal contamination during in¬
cubation. To enhance germination beans were pre-soaked in
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the desired test solutions for 3-1/2 hr prior to sowing.
The towels were moistened with 175 ml the first day, and
15 ml at the end of the second day. At the end of the growth
period the entire portion of the seedling below the cotyle¬
dons was excised, frozen, lyophilized, and weighed.
Extraction and Estimation of Protein
The protein in each sample of 100 wheat coleorhiza-
epiblast and 10 bean hypocoty1-root sections (approximate
weight of 0.1 g) was extracted by homogenization in 1 ml of
Tris-citrate buffer, 0.375M, pH 5.6, containing 50% sucrose
using a chilled mortor and pestle. Sterile sand (0.05 gm/
sample) was added to facilitate homogenization. Three
additional ml of the homogenization solution were used to
transfer the resulting residue to centrifuge tube. The
cellular debris was then removed by centrifugation for 30
min at 10,000 rpm and the supernatant was used for protein
estimation.
The soluble proteins were extracted from the resulting
supernatant by precipitating overnight with 5% trichloroace¬
tic acid. The TCA precipitate was collected by centrifuga¬
tion and suspended in 1 ml of IN NaOH. This complex was
placed in a boiling water bath for 20 min to completely dis¬
solve the proteins and then diluted with distilled water to
give a final concentration of O.IN NaOH. Protein in this
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solution was estimated by the method of Lowry et al.
(1951) using bovine serum albumin as a standard.
Amino Acid Extraction and Chromatography
The extraction of amino acids was acheived by homo¬
genization of tissue with 80% ethanol (5 ml). Cellular
debris was removed by vacuum filtration using a Buchner
filtration apparatus. The resulting filtrate was con¬
centrated to about one-half the original volume.
Ten microliters of the concentrated extract was used
in spotting each Whatman 3MM paper, 11-1/4" (grain direc¬
tion) X 9-1/8". The chromatographic separation was two
dimensional, with the chromatograms first placed into a
glass chromatography apparatus (12" x 12" x 24") in a solu¬
tion of N-butanol, acetic acid, and water (4:1:5). The
chromatographs were then dried under a hood for 12 hr and
then developed to the edge in the second dimension with
80% phenol, 95% ETOH, and NH^OH (15:4:1). In order to pre¬
vent the degradation of the solvent, 8-hydroxyquinoline
(5-10 mg/100 ml) was added. Also, a beaker containing 100 mg
KCN in 4-6 ml of water was placed in a beaker in the
6" X 12" circular chromatography jar. Localization and
identification of amino acids were according to procedures
and techniques of Smith (1969).
CHAPTER IV
RESULTS AND DISCUSSION
Effects of lAA, lAAId, IPyA, and TAM
on Wheat Seedling Morphology
Characteristically, the young, water germinated, 5-day
old wheat seedling has five pronounced seminal roots. The
short-lived epiblast-coleorhiza appears as a rather fragile
tissue sheathing primarily the base of the largest of the
seminal roots. At this age the young leaves are still
enclosed in the coleoptile. Wheat seedlings germinated
with lO'^M lAA showed considerable enlargement of the
coleorhiza-epiblast and pronounced suppression of seminal
root and coleoptile elongation. The excessive and dis¬
organized growth of the coleorhiza-epiblast appears as a
gelatinous mass and serves as an example of the promotive
effect of lAA on cell enlargement in certain tissues
(Fig. 2). Treatment with lAAld caused morphological changes
similar to those induced by lAA, but the changes were not
as pronounced. Coleoptile elongation was slightly greater
than with lAA and the suppression of seminal roots was less.
The seminal roots were about one-fourth the length of the
control, and slight stimulation of coleorhiza-epiblast, simi¬
lar to lAA was evident (Fig. 3). The effects of IPyA were
less pronounced than that obtained with either lAA or lAAld.
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Fig. 2. Five-day old wheat seedlings germinated in
water (left) and lO-^M lAA (right) showing
enlargement of coleorhiza-epiblast tissues.
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Fig. 3 Five-day old wheat seedlings germinated in
water (left) and 10“3m lAAld (right) showing
inhibition of seminal roots.
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The seminal roots were longer and stimulation of coleorhiza-
epiblast was almost completely absent (Fig. 4). TAM, however,
showed effects different from lAA,lAAld,IPyA or control in that
stimulation of coleorhiza-epiblast was not detectable (Fig. 5).
It is logical to assume that the test compound farthest
away (IPyA and TAM) should produce less similar effects. This
is what happened with growth responses in wheat with respect to
coleorhiza-epiblast stimulation and seminal root inhibition.
If the above assumption is correct then growth responses can
be used as a valid indicator for lAA biosynthesis. Therefore,
my findings are essentially in agreement with those of Wightman
and Cohen (1968), and Moore and Shaner (1967), that lAA bio¬
synthesis proceeds from TPP via IPyA and lAAld.
Effects of lAA, lAAld, IPyA, and TAM
on Bean Seedling Morphology
Beans treated with 1 x 10”3m IAA showed excessive and
disorganized growth of the stem destined portion of the
hypocotyl and inhibited radical development as compared to
the control (Fig. 6 and 7). The hypocotyl of beans treated
with 1 X 10-3m IPyA and lAAld was somewhat enlarged, dis¬
organized, and adventitious roots were present. There was
visual difference in the size of IPyA and lAAld beans. lAAld
beans appeared to have greater disorganization with respect
to the hypocotyl. IPyA beans had longer and less organized
hypocotyl than lAAld (Fig. 8). Again, TAM proved to be the
exception* no significant growth response was detectable as
compared to control (Fig. 6 and 9). If test solutions
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Fig. 4. Five-day old wheat seedlings germinated in
water (left) and IO'^m IPyA (right) shov/ing
slight inhibition of seminal roots.
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Fig. 5. Five-day old wheat seedlings germinated in
water (left) and 10“3m TAM (right) showing
no inhibition of seminal roots.
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Fig. 7. Four-day old bean seedlings germinated in
10”3m IAA (top) and IPyA (bottom).
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Fig. 8. Four^-day old bean seedlings germinated in
10“% lAAld (left), IPyA (right).
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(lAA, lAAld, IPyA, and TAM) had any effect on the epicotyl
region of bean they were visually undetectable since the
only region to emerge and under study was the hypocotyl.
Conclusions drawn from hypocotyl growth responses of the
bean are similar to those drawn from growth responses of the
wheat with respect to coleorhiza-epiblast stimulation and
seminal root inhibition. Bean growth responses also indicate
lAA biosynthesis probably proceeds from TPP via IPyA and lAAld.
lAA stimulates growth of the coleorhiza-epiblast tissue
which is primarily parenchymous in the wheat (Walne et al.,
1975), and Inhibits growth of the seminal roots. In the case
of the bean, treatment with lAA cause enlargement of the stem
destined portion of the hypocotyl and inhibits the root
destined portion. Sen's (1977) scanning electron microscopic
study of the IAA-transformed bean hypocotyl revealed the
overall enlargement of the stem destined hypocotyl results
mainly from the preferential enlargement of the cortical cells.
Protein Content
All test compounds except TAM caused an increase in
the amount of protein per wheat coleorhiza-epiblast or bean
hypocotyl (Tables 1 and 2). Protein content per wheat
coleorhiza-epiblast or bean hypocotyl was highest in lAA,
followed by lAAld, IPyA, control and TAM in decreasing
order. The increase caused by lAA in comparison to the
control was statistically significant. This result differs
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Table 1. Protein content of wheat coleorhiza-epiblast
tissue.*




lAAld 49.736+2.848 104.25 +1.060
IPyA 30.666+0.629 61.333+1.258
TAM 26.640+6.279 48.000+1.313
♦All values represent mean+S.D. of at least three
replicates (each sample).
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Table. 2. Protein content of bean hypocotyl.
Treatment mg protein/g dry wt. mg protein/hypocotyl
Control 182.33+ 3.055 1.823+0.030
lAA 248.00+11.130 2.480+0.Ill
lAAld 204.66+ 4.504 2.046+0.045
IPyA 185.00+ 2.010 1.850+0.020
TAM 171.22+ 2.020 1.712+0.022
♦All values represent mean+S.D. of at least three replicates.
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from that obtained by Sen (1977). Sen reported that the
hypocotyl of Romano beans grown on Hildebrandt's medium
supplemented with lAA (10~5m) contained more protein than
those grown on Hildebrandt's medium without lAA, but the in¬
crease was not statistically significant. The discrepancy
in the findings may possibly be attributable to differences
in procedures employed. Sen grew excised embryos on Hilde¬
brandt ' s medium containing 10“^M lAA in the dark. However,
in this investigation intact seeds were germinated on 10“3m
aqueous lAA and continuously illuminated.
The effectiveness of the test compounds (lAA, lAAld,
IPyA and TAM) in promoting protein synthesis appears to bear
some relationship to the sequence of these compounds in the
proposed pathways of lAA biosynthesis (Fig. 1). This appears
to be true regardless of whether considered on the basis of
percentage protein of dry matter or on the basis of amount
of protein per wheat coleorhiza-epiblast or bean hypocotyl.
The intermediate (lAAld) common to both pathways and nearest
to lAA more closely approaches lAA in its effectiveness to
stimulate protein biosynthesis. Those compounds further re¬
moved from lAA (TAM and IPyA) are less effective. The results,
though not conclusive, indicate that TAM may even be inhibi¬
tory. This would suggest that in the systems considered, lAA
biosynthesis from TPP does not proceed via TAM and supports
findings of Wightman and Cohen (1968)^ Moore and Shaner (1967),
35
and Schneider and Wightman (1974) regarding lAA biosynthesis.
It is known that half the protein synthesis that takes
place during the growth of isolated wheat roots occurs during
cell elongation (Burstrom, 1951). This statement was based
on reports that increases in the supply of nitrogen to isolated
wheat roots can be correlated to increases in the rate of cell
elongation, and indicates a correlation between protein synthe¬
sis and cell enlargement. Also, my results suggest that in¬
duction of cell enlargement by auxin may involve proteins and
are in accord with the findings of Christiansen and Thimann
(1950), Osborne, (1962), and Nooden and Thimann, (1963).
Effects of lAA, lAAld, IPyA, and TAM
on Free Amino Acid Composition of Bean
Amino acid analysis of two dimensional paper chromato¬
graphy shows a distinctive difference in the number of amino
acids detected in the various treatments as compared to the
control. As revealed in Figs. 10 and 11 chromatographs of lAA,
lAAld, IPyA and TAM all show the presence of glutamine which was
not found in the control chromatograph. Aspartic acid was found
in the lAAld and IPyA chromatographs only. Arginine is the main
storage compound in bean seeds and gives rise to glutamic and
aspartic acid during germination (Boulter and Barber, 1963).
It also was present in all the chromatographs. Although
glutamic acid was present in all chromatographs, aspartic acid
was absent in lAA, TAM, and control.
Free amino acids are widespread in plants (Steward and
36
Fig. 10, Two dimensional chromatograms of free amino
acids of beans germinated in water (control),
lAA, and IPyA. Both lAA and IPyA are at IO'^m
concentrations. Alanine (Ala), arginine (Arg),
asparagine (Asp-N), aspartic acid (Asp),
glutamic acid (Glu), leucine (Leu), glutamine
(Glu-N), serine (Ser), threonine (Threo),
unknown (Un), valine (Val).
t icvic Aci» t mfm
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Fig. 11. Two dimensional chromatograms of free amino
acids of beans germinated in lAAld and TAM
at 10-3m concentrations. Alanine (Ala),
arginine (Arg), asparagine (Asp-N), aspartic
acid (Asp), glutamic acid (Glu), leucine (Leu),
Glutamine (Glu-N), serine (Ser), threonine
(Three), unknown (Un), valine (Val).
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Street, 1947). Auxin has a direct effect on amino acids and
protein, and growth in auxin is accompanied by a large
decrease in the free amino acid fraction, principally due to
rapid conversion of free amino acids to protein (Christiansen
and Thimann, 1950). My findings are in agreement with
Paulson and Beevers (1970), and Christiansen and Thimann
(1950), that stimulation of protein by auxin involves a
greater capacity for amino acid incorporation. In each of
the test solutions (lAA, lAAld, IPyA, and TAM) there was one
more amino acid detected than in the control. lAAld and IPyA
chromatographs showed the greatest number of amino acids. lAA
and TAM chromatographs showed the same number of amino acids,
but a lesser number than lAAld and IPyA. Seitz and Hochster
(1964) stated lAA may inhibit the liberation of certain reserve
proteins while stimulating production of one or many proteins.
In the case with lAA it is possible that lAA stimulates incorpo¬
ration of aspartic acid to protein to such an extent that it does
not accumulate. TAM may not utilize aspartic acid or completely
inhibit its incorporation in protein synthesis. The reason for
the absence of aspartic acid in TAM treated tissue is not readily
apparent, because the level of protein synthesis was lowest in
this treatment. It is possible that the absence of aspartic acid
in TAM treated tissue reflects a general low level of N-
metabolism under these conditions. It should be noted that
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the number of amino acids detected in this study was far
less than those of Christiansen and Thimann (1950). Also,
the only unknown spot detected in all chromatographs cor¬
respond to the non-protein amino acid, g-alanine according
to their amino acid map.
Amino acids are the products of protein hydrolysis and
are the form in which soluble nitrogen may be stored and
mobilized when protein synthesis is initiated. Among the
processes which have been implicated in cell enlargement is
protein synthesis. In some tissues, such as artichoke slices
(Thimann and Loos, 1957), the formation of total protein has
been shown to be greatly promoted by auxin; and in others,
such as potato slices, there is a much smaller promotion which
may not always occur. In the coleoptile of corn a study of
the incorporation of C^^-leucine appears to show no promotion
at all (Boroughs and Bonner, 1953), although the actual elon¬
gation in those experiments was rather limited. A possible
interpretation of the published data is that auxin may pro¬
mote protein synthesis, or some protein synthesis is among
the processes required for cell enlargement.
I feel a qualitative analysis of the amino acids before
and after germination in control and test solutions, and a
quantitative analysis of the amino acids would be helpful in
giving additional Information into lAA biosynthesis. It is
possible for different test solutions to produce the same or
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or nearly the same amount of protein in an organism, yet, the
incorporation of different kinds of amino acids would not
be revealed by Lowry et al. (1951) method. Amino acid analy¬
sis of tissues treated with lAA, and its precursors revealed
amino acid patterns distinctive from the control. No correla¬
tion could be made between the amino acid profiles and the




The effect of lAA and some of its reported precursors
(IPyA, lAAld, and TAM) on growth of bean hypocotyl and wheat
coleorhiza-epiblast was studied. Also, the influence of
these compounds on protein synthesis and free amino acid
content of the target tissues was examined. Data derived
from these studies were used to deduce the most probable
pathway of lAA biosynthesis operative in the systems speci¬
fied, i.e., whether lAA biosynthesis proceeds from trytophan-*
IPyA—>IAAld —> lAA, or from tryptophan —♦ TAM —> lAAld -♦lAA.
It was assumed that actual precursors of lAA would have an
effect similar to that of lAA.
Morphological results showed considerable enlargement
of the coleorhiza-epiblast tissue, pronounced suppression of
seminal root and coleoptile elongation of wheat seeds germi¬
nated in 10“^M lAA. With the bean, however, 10“^M lAA caused
excessive and disorganized growth of the hypocotyl. In each
case, with wheat and bean, lAAld produced the greatest growth
response similar to lAA, and IPyA being least. TAM did not
produce any growth responses similar to lAA in either case.
All test compounds, except TAM, caused an increase in
the amount of protein per wheat coleorhiza-epiblast or bean
hypocotyl. Protein content per wheat coleorhiza-epiblast or
bean hypocotyl was highest in lAA, followed by lAAld, IPyA,
41
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control and TAM, respectively.
Analysis by two dimensional paper chromatography revealed
profiles of the differences in the amino acids treated tis¬
sues. lAA, lAAld, IPyA, and TAM all showed the presence of
glutamine which was not found in the control chromatograph.
Aspartic acid was found in lAAld and IPyA chromatographs only.
However, more amino acid spots were detected in all test
solutions than in control.
Data derived from these studies, whether morphological
response, protein assay, or free amino acids analysis, all
indicate that the most probable pathway of lAA biosynthesis
proceeds from tryptophan —> IPyA lAAld —> lAA.
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